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ABSTRACT
Reducing the weight of a vehicle in racing can substantially improve the vehicle
dynamics and general performance capabilities. More specifically, the reduction of the unsprung
corner weight can provide noticeable performance gains in handling and responsiveness, leading
to a quicker, more agile car due to a lower yawing moment of inertia. Unsprung weight reduction
also improves the car’s ability to maintain contact between the tires and the road surface for a
more consistent grip. In this project we identified the loads that act on the wheel rims according
to the data collected from the sensors in the car’s suspension, and we used that data to design a
lighter and stronger carbon fiber wheel to handle those extreme load conditions.
Decreasing the weight of the wheel itself (changing materials from aluminum to carbon
fiber) will reduce the unsprung corner weight as well as the rotating mass.
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1. INTRODUCTION
The goal of this project is to design and manufacture a 10” diameter, one-piece carbon
fiber wheel to implement into the design for the Zips Racing 2020 (ZR20) FSAE race car. See
Figure 1 to view last year’s ZR19 race car.

Figure 1.1 - ZR19 Race Car
The objective of this report is to provide a detailed account of the engineering design and
development process of an improved, lightweight carbon fiber wheel to be used on FSAE cars.
This wheel could also be utilized by other FSAE teams as well as future zips racing cars by
following the process established in this project. It is common for FSAE teams to purchase
commercially available aluminum or steel wheel rims as opposed to designing or manufacturing
their own. This is an easy choice for time and simplicity’s sake, and because these purchased
parts have been proven by others to work as they usually come from well-established wheel
manufacturers. However, several teams have made efforts to successfully produce their own
wheels which are lighter than the commercially available options, some of which use composite
materials. Jayhawk Motorsports (JMS), the University of Kansas Formula SAE Team, is one of
those teams, but it is suspected that further improvements can be made to current and previous
designs. It is common with most structural components, computer aided design (CAD) and finite
element analysis (FEA) software packages are used for engineering design and analysis.
However, common limitations to computational resources, funding and high-end testing
equipment often leads to oversimplified simulations with a lack of results which validate options.
For this senior design project, a comprehensive and adjustable FEA model has been developed
for this one-piece carbon fiber wheel design. This document outlines the process to create that
FEA model, design and manufacture the CFRP wheel, and validate the design through physical
testing.
1.1. Design Validation / Weight Reduction
When it comes to racing, it is essential to pursue maximum power-to-weight ratio.
Having a high power-to-weight ratio results in better acceleration, thereby increasing the chance
of having better lap times. However, all Formula SAE events are governed by rules which limit
the maximum overall displacement of the engine. This restricts the maximum power output
which is achieved after optimization of the engine components.
Now, to achieve a higher power-to-weight ratio, the only alternative left is to reduce the
weight of the vehicle. Hence, high strength and lightweight materials, such as carbon fiber and
aluminum, are commonly used to help keep the weight of the car at a minimum.
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1.2. Unsprung Mass of the Vehicle
The unsprung mass of a vehicle is the mass of the vehicle which is unsupported by the
vehicle’s suspension. Hence, the mass of the tires, wheels, hubs, uprights and axles and such
components collectively form the unsprung mass of the vehicle.
The vehicle’s dynamic characteristics are heavily dependent on the unsprung mass of the
vehicle. Reducing the unsprung mass results in better handling in acceleration and braking
scenarios ensuring better traction and control because the suspension can react faster to the road's
imperfections as it requires less effort to work against the system. Thus, it is very important to
seek ways to reduce the unsprung mass of the vehicle, which is one of the validating reasons for
switching the wheel material from aluminum to carbon fiber to reduce weight.
1.3. Wheel Moment of Inertia
Inertia is the tendency of an object to maintain its state of motion. Similarly, for a rotating
body, the tendency of the body to keep rotating unless an external torque force is applied to it is
called rotational inertia. In the case of the wheel assembly, having a lower rotational inertia
would mean that lesser torque will be required in order to rotate the wheel. Similarly, lesser
braking force will be required to stop the wheel from rotation.
Reduction of rotational inertia therefore helps in improving braking and acceleration
efficiencies. Moreover, considering the rotational and translational motion of the wheel, the
equivalent mass gained on the wheel when in motion is approximately 1.5 times the equivalent
mass of the wheel when stationary. Therefore, reducing the rotating mass of the wheel, by even a
small amount, is so important with respect to increasing the car's performance.
For steering the vehicle, the yawing moment of inertia of the vehicle comes into effect.
The lesser the mass on the wheels, the lesser the steering effort would be and hence, there would
be better steering responsiveness. Thus, the effort to turn and rotate the wheels is reduced
considerably when reducing the mass of the wheel assembly.
1.4. Background / Research of Existing Carbon Fiber Wheels
UTA Racing, from the University of Texas at Arlington, was the first team ever to use a
carbon fiber composite wheel. In 1993, the first carbon fiber wheel was demonstrated in FSAE.

The University of Akron

Figure 1.2 - UTA Racing 1993 Race Car with Carbon Fiber Wheels
In 2003, an updated wheel design was implemented. The wheel design demonstrated a
carbon fiber wheel rim with an aluminum rim center. The CF rim would locate the tire, while the
wheel center would connect the hub to the CF rim. This setup allowed for change of the wheel
center design while also achieving high wheel stiffness. It is important to have minimal wheel
deflections to maintain the slip angle. See Figure 3.

Figure 1.3 - Carbon Fiber Wheel Assembly Design From 2003
This carbon fiber wheel rim design mold has been commonly used by FSAE teams until
about 2016. Slight modifications with the wheel center piece allowed for better packaging and
weight reduction. The wheel centers were attached to the carbon rim by using “huck” fasteners
which are a combination of high performance huck bolts and structural blind fasteners. It is like
riveting while being threaded.
Two members of the 2016 Zips Racing Combustion Team, Christopher DiSante, and
Anna Davies designed a similar carbon fiber wheel rim with an aluminum wheel rim center. See
Figure 4. The new CFRP wheel design aims to replace this assembly with a full, one-piece
carbon fiber wheel.

Figure 1.4 - Zips Racing 2015 Carbon Fiber Wheel Rim Assembly
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Another design we have researched is TU Graz Racing Team from Graz University of
Technology in Austria. At the 2015 Formula SAE competition in Michigan, TU Graz Racing
team demonstrated a 3 spoke hollow wheel design which they have successfully been using for
years. They use trapped rubber molding to get hollow spokes for weight reduction and stiffness.

Figure 1.5 - TU Graz Racing Team’s 2015 Carbon Fiber Racing Wheel
1.5. Objectives / Development Process
The objective of this senior design project is to replace the ZR19 10” aluminum wheel
assembly with a full one-piece carbon fiber wheel. The primary targets of this design are as
follows:
1. Achieve a minimum 30-40% weight reduction in the wheel assembly
2. Achieve a stronger wheel stiffness and strength compared to the previous aluminum wheel
assembly
3. Design a modular wheel mold with an adjustable wheel width.
Our design development process is broken down into several different stages. These
stages are used to break down the project into manageable milestones. In addition, these steps
were also used in synchronizing the development of the wheel rim with the rest of the FSAE race
car.
This interaction with the rest of the team was critical because of the high degree of
system integration that happens with the vehicle dynamics. The different design phases are as
follows:
1. Carbon fiber prepreg material selection
2. Establish worst-case load cases
3. Hand calculations to determine carbon fiber layup design
4. Material testing to validate design - (tensile and flexural tests)
5. Setup and validate design with FEA model and Fibersim
6. Select specific design concept and finalize design / dimensions
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7. Fabricate molds and centerlock hub
8. Layup carbon fiber and cure in autoclave
9. Post processing
10. Validate design with physical testing
2. THEORETICAL FRAMEWORK
2.1. Design Requirements
Before starting our design, we needed to complete hand calculations to determine the
requirements for the minimum load forces that the wheel rim will have to withstand with an
added factor of safety. There are four main types of loads that will be acting on the wheel rim:
•

Torque on the shaft axis, caused mainly by braking situations (prevailing over the torque caused
on the acceleration situation).

•

Radial Forces. These are vertical forces exerted in the radial direction towards the center of the
wheel. They can be caused for different situations, like the vehicle weight itself, the driver
ingress in the vehicle, and the bumps or irregularities of the road.

•

Lateral / Cornering Forces. These are forces produced by the vehicle during cornering, inducing
normal and lateral load components on the rim.

•

Pressure. Inflation pressure from the tire produces a static load on the rim, producing a uniform
inward pressure on the rim surface. This load may be uniform or non-uniform.

2.2. Loading Conditions on Wheel Rim
To ensure that our wheel rim will not fail, four critical load cases were determined to
represent the most extreme conditions the rim would experience during operational use on the
racecar. We excluded situations like striking a curb or hitting a pothole because the surfaces that
the FSAE vehicle runs on are very well known. A detailed description for each loading condition
used in analysis is described below.
2.2.1.

Cornering Load

Cornering is the most performance critical of the loading cases as well as the most
extensively examined condition. Not only are the forces on the wheel rim the largest in this case,
but the deflection because of cornering forces has a significant effect on the tire performance,
and in turn the overall cornering ability of the car.
2.2.2.

Accelerating / Braking

The loading case of accelerating and braking is the same. The design goal in this case is
to minimize the forward and reverse rotation of the wheel under accelerating and braking loads,
or what is known as toe change. In automotive engineering, “toe” is the symmetric angle that
each wheel makes with the longitudinal axis of the vehicle. Negative toe, or toe out, is the front
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of the wheel pointing away from the centerline of the vehicle. Positive toe, or toe in, is the front
of the wheel pointing towards the centerline of the vehicle.
2.2.3.

Pressurization of the Wheel

This case simulates the tire being over inflated to seat the tire bead of the rim. Since the
wheel is deflated prior to use, there are no performance concerns during this load case. The only
requirements of this case are to ensure that the wheel rim bead does not fail during the process of
mounting and dismounting the tires onto the wheel rim. The maximum pressure was determined
by the maximum pressure the tire data rated for during the beading process, which for our
custom Goodyear tire is 12 psi.
2.2.4.

Cornering While Accelerating / Braking

This is the most critical of the load cases examined since the rim in this case will
experience the most force. Braking and accelerating at a full g-load during a turn could cause the
car to lose control, so performance in this case is neglected and a purely failure prevention
approach was taken. In addition, since large deflections are expected in this case, caliper
clearance was also considered in the design, with a minimum of 0.25” clearance between the
wheel and caliper after deflection which was deemed to be acceptable.
2.3. Composite System Design / Selection
There has been an increasing emphasis on the use of composites because composite
materials are designed to be stiff, light, and durable. Although metals have excellent strength and
toughness combinations, they are quite dense, and many corrode. Attention has been turned to
ceramics and polymers, which are lighter and more corrosion resistant, but lack toughness.
2.4. Composite Material Selection
A composite is a combination of generally two materials which exhibit desired properties
such as compressive strength of the matrix and tensile strength of the fibers. Usually, they
consist of ceramic or polymer fibers embedded in a matrix, usually a thermosetting resin such as
an epoxy or polyester but can also be thermoplastics or ceramics or even metals. The three main
types of fiber used are glass, carbon, and aramid (aromatic polyamides, such as Kevlar).
The choices of composition and of the materials used for the matrix and fiber depend on
the required properties of the application.
2.5. Carbon Fiber Selection
Fibers are the dominant constituents in a fiber-reinforced composite material. Simple
micromechanical analysis leads to the conclusion that fibers dominate only the fiber-direction
modulus of a unidirectionally reinforced lamina. Lamina properties in that direction have the
potential to contribute the most to the strength and stiffness of a laminate. Thus, the fibers play a
dominant role in a properly designed laminate. Such a laminate must have fibers oriented in the
various directions necessary to resist all possible loads.
Fiber selection is usually based primarily on the required strength or stiffness. That
selection process is relatively straightforward, but other selection factors require more
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consideration. In all applications, a fiber-matrix bond is essential, so a fiber surface treatment or
coating often must be used.
2.6. Fabric Selection
Carbon fiber products start as a woven fabric of carbon tows. Tows are bundles of tiny
carbon filaments, which are counted in thousands: 1K, 3K, 6K, 12K, etc. The most popular
thread count is 3K.
The carbon fiber we will be using is a prepreg system from a sponsor company who
sponsored our project, Adhesive Prepregs for Composite Manufacturers, LLC (APCM), a
company in Connecticut that we found through Composite Envisions. It is a 3K, 2x2 twill weave,
prepreg fabric. We selected this material based on our design parameters because it is easy to
work with, it has a high heat resistance, and has a long shelf life. APCM also agreed to sponsor
us and supply the fabric and appropriate pre-impregnated resin system for the cheapest price. In
addition, they also were helpful answering our questions and they provided us with
recommendations about the resin they would like us to use and technical documentation that
describes their product.
This epoxy prepreg fabric system, “DA 4517” (See Technical Data Sheet DA 4517 in
Appendix) is designed for a temperature range of -67°F to 350°F with a cure of 180°F for three
hours.
This carbon fiber fabric is made from Hexcel AS4 fibers, has a tow size of 3K and is
weaved into a 2x2 twill.

Figure 2.1 - APCM “DA 4518” 3K 2x2 Twill Weave Carbon Fiber Fabric
Based on the 2x2 weave design and tow size of 3K filaments per fiber, this fabric offers
substantial strength and stiffness when compared to other fabrics. 3K carbon fiber material is
also very easy to manipulate and is commonly used in applications such as aerospace, marine,
automotive, and sporting goods.
A “tow” is an untwisted bundle of continuous filaments of carbon fibers. Tows are
designated by the number of fibers they contain. So, if the carbon fiber material says 12K, that
means there are 12,000 filaments per “tow” and in our case, our tow size is 3K meaning there are
3000 filaments per tow. Each carbon filament in the tow is a continuous cylinder with a diameter
of about 5-8 micrometers and consist almost exclusively of carbon.
There are several different weave patterns of carbon fiber. “Twill weave” serves as a
bridge between a plain weave and the satin weave patterns. Twill has good pliability and can
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form into complex contours, and it is better at maintaining its fabric stability than a harness satin
weave, but not as good as plain weave.
The “2x2 pattern” looks like a 1x1 plain pattern, but the diagonals are synchronized, and
the braids are over-over-under-under. As the 2x2 name implies, each tow will pass over 2 tows
then under two tows. 2x2 twill is one of the most widely used and most recognizable carbon fiber
weave in the automotive industry. It is elastic and it is good to use on complex shapes (like our
wheel rims) because the weave is looser.

Figure 2.2 - 2x2 Twill Weave Pattern
Below is physical and mechanical data from APCM describing their epoxy prepreg
system “DA 4518”.
2.7. Physical Properties
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2.8. Mechanical Properties

2.9. Matrix / Epoxy Selection
Producing parts from carbon fabric requires the use of a polymer matrix, which is usually
epoxy. Hence the term “composite material”, which consists of carbon fibers and epoxy in this
case. Most of the strength comes from the fibers, but the epoxy will ultimately shape the fibers
into a product. Our group chose to use epoxy as a matrix for this project because it is easy to
work with, reasonably inexpensive and is the most common form of carbon reinforced preimpregnated fabric (prepreg), making it easier to obtain than some of the other resins
available. Epoxy resins can have an operational service temperature of up to 180 °C. They have
high physical and adhesion properties and that is part of the reason why they are the main resin
used in the composites industry, making their acquisition for a low-cost project more realistic
than a rarer material.
Pre-impregnated carbon fiber, better known as “prepreg” carbon, is a high-performance
reinforced fabric material that has been pre-impregnated with the resin system. It is
manufactured in sheets or rolls already containing an optimized balance of epoxy resin and
carbon fiber. Prepreg carbon is available in both unidirectional and bidirectional carbon fiber
weaves. In this case, the APCM “DA 4517” epoxy prepreg system combines the 3K 2x2 twill
weave carbon with an epoxy-resin system, so this resin system already contains a proper curing
agent. This means the fabric is ready to lay into a mold without the addition of resin or the steps
required for a typical hand layup. Upon inspection of the fabric, there are no areas of excess
resin, dry spots, or air bubbles. As a result, parts made with this prepreg should have a high
strength to weight ratio.
The consistent resin content of this carbon prepreg also delivers several other advantages.
First, it paves the way for the ability to make repeatable uniform parts, like our carbon fiber
wheel rims. When pulled from a mold, prepreg parts can in theory be identical thanks to such
consistent resin content. Second, prepregs contain little to no air bubbles. With proper mold
preparation and release techniques in place, this increases the potential for increased cosmetics.
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Third, prepregs require a heat cure. Once this heat cure cycle is complete, parts can be put into
service immediately. So prepregs overall reduce the wait time for usable parts. Lastly, without
the need to manually add resin, prepregs allow for less wasted products and less mess for the
project. For prepreg parts to cure, you typically use a combination of heat and pressure. In most
cases this includes vacuum bagging and an oven or auto-clave. You should only choose prepreg
if you have at minimum a basic understanding of the bagging process and access to an adequate
heat source.
2.10.

Fiber Direction / Orientation - Effect on Properties

Upon looking at a section of carbon fiber, one will see that the fibers go in different,
specific directions. Comparing different styles of carbon fiber, one might notice that the fiber
direction, or orientation, is not always uniform. Fiber orientation influences the properties of
carbon fiber and some specific properties are often ideal for specific applications.
Fibers can be oriented in any direction between 0° and 180°, although fiber orientation
beyond 90° is usually referred to as a negative angle value. For example, a 135° fiber angle
would be equal to a -45° angle.
The way fibers are oriented in a carbon fiber layup significantly influences its resulting
properties. It is therefore very important for us to consider these properties during the design
process of our carbon fiber wheel orientation / layup design. Most carbon fiber available on the
market today utilizes a combination of two or more of the following orientations of carbon fiber
layers:
0° orientation This orientation provides axial strength and stiffness ideal for beams and columns that
must resist axial loads. When fibers are oriented in the same direction of the load, they are the
strongest and stiffest. For example, in most carbon fiber tubing, the fibers are oriented in the
zero-degree angle direction which would be along the length of the tube to contribute to the
bending stiffness and strength of the tube.
If a part were to only be loaded in one direction, it would be ideal to have all the fibers
oriented in that direction. Tubing are good examples of a part that would contain only 0° fibers.
Since most parts are not loaded in only one direction however, it is necessary to add other angles
to maximize strength. A tube that only experiences bending and no twisting would still likely
benefit from some additional fiber angles. Adding 90° layers would help the tube maintain its
shape better so that it does not buckle prematurely.
90° orientation This orientation provides transverse strength and stiffness ideal for creating a
consolidating layer that keeps everything together and provides strength in pressure vessels.
Ninety-degree fiber angles are used when bending in both directions is required. As stated
earlier, 90° fiber layers are often added to tubes oriented in the circumference of the tube to help
make the tube more resilient to buckling or crushing when loaded.
High concentrations of 90° or “hoop” layers can also be commonly found in pressure

The University of Akron

vessels. Since the force is trying to enlarge the tube in a pressure vessel, 90° layers would resist
the force best. When 90° layers are used in conjunction with 0° layers in a carbon fiber plate, this
would be referred to as “bidirectional.” Using bidirectional woven carbon fiber cloth is an easy
way to quickly build parts with fiber in both the 0° and 90° directions.
± 45° orientation This orientation provides shear and torsional strength and stiffness that is ideal for torsion
shafts and shear webs such as I-beam webs. 45° angles are often used in conjunction with zero
and ninety-degree plies to create a quasi-isotropic layup. When used on a tube, 45° layers
contribute to twisting stiffness and strength. Woven carbon fiber is often referred to as having a
0/90-degree fiber angle since there are fibers in both directions, but in a single piece.
45° layers serve different purposes depending on the application. A positive 45° layer is
almost always paired adjacently to a negative 45° layer. This is to keep the laminate balanced
and from forcefully twisting when loaded. When 45° layers are used in a plate that already
contains an equal mix of 0° and 90° layers the plate becomes quasi-isotropic. Whereas a
bidirectional plate has equal properties in two directions, a quasi-isotropic plate has quasi-equal
properties in any direction. In a tube, 45° layers add torsional strength and stiffness. That is
because when a tube is twisted, the force acting on the laminate is at 45°. Some laminates will
use angles other than 45° as a compromise between bending, crushing and torsion performance.
Since 0° layers are not possible on filament tubes, it is common to see 10° or 15° layers used
instead.
2.11.

Analytical Methods for Composites

When designing carbon fiber composite parts, one cannot simply compare the properties
of carbon fiber vs. steel, aluminum, or plastic, since these materials are in general homogeneous
(properties are the same at all points in the part) and have isotropic properties throughout
(properties are the same along all axes).
By comparison, in a carbon fiber part, the strength resides along the axis of the fibers, and
thus fiber properties and orientation greatly impact the resulting mechanical properties. Carbon
fiber parts are in general neither homogeneous nor isotropic.
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Figure 2.3 – Carbon Fiber Axis Direction Strengths
2.11.1.

Ultimate Strength

In many composites’ applications, loads are predominantly uniaxial and therefore the
layup design would be oriented in the same direction of the load. In such cases, the ultimate
strength would be dominated by those primary load bearing tows in the textile.
2.11.2.

Ultimate Tensile Strength

Ultimate tensile strength is the maximum stress that a material can withstand while being
stretched or pulled before breaking. Several different layup designs were tested for this
mechanical property in the mechanical engineering lab on an Instron tensile testing machine (see
Physical Testing Section).
2.11.3.

Compressive Strength

Compressive strength is the capacity of the material to withstand compressive loads that
reduce the size of the structure. The compressive strength of the material resists being pushed
together, whereas tensile strength resists tension. For aligned loads, compressive failure is either
by delamination or Euler buckling of delaminated plies.
2.11.4.

Shear Strength

Shear strength is the strength of the material against yielding or structural failure when
the component fails in shear. A shear load is a force that produces a sliding failure on the
material along a plane parallel to the direction of the force applied.
3. HAND CALCULATIONS
3.1. Load Force Calculations
In order to calculate the forces on the race car wheel rims for each case scenario of loads,
an Excel spreadsheet calculator was developed taking data from the sensors on the vehicle
suspension system in order to determine the forces that the wheel rim would experience in each
the following load cases:
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Figure 3.1 - Maximum possible forces experienced in the lateral, vertical and longitudinal
direction for each dynamic loading case given a tire coefficient of friction of 1.5
3.2. Torsional Load Calculation
To calculate the thickness / number of layers required in our carbon fiber wheel to
achieve the equivalent strength of our previous aluminum wheel in the torsional reaction load,
the angle of twist equation will be used:

Equation 3.1 – Angle of Twist Equation
Where:
Φ = the angle of twist in radians
T = applied torque (N*m)
L = length of the wheel in meters (m)
J = wheel’s polar moment of inertia (measure of resistance to twisting)
G = shear modulus of the material (N/m2)

The University of Akron

Comparing the previous aluminum 6061-T6 material to the new carbon fiber material, the
two rims would have the same angle of twist for the same torque, therefore, the equation can be
rearranged as:

Equation 3.2 – Rearranged Angle of Twist Equation
Parameters:
Lal = nominal length of our previous aluminum wheel = 0.1778 m (7”)
Lc = Nominal length of the carbon fiber wheel = 0.1778 m (7”)
Jal = Polar moment of area for aluminum wheel (treated as a cylinder of 10” dia.) = 3.8759x10-5
Gal = Shear Modulus of aluminum 6061-T6 = 26 GPa
Gc = Shear Modulus = 58.4 GPa (typical value for shear of carbon fabric)

Using a typical approximated value for shear modulus of carbon fiber fabric of Gc = 55
Gpa, which is with the fibers oriented at 45° to the loading direction, the required Jc becomes
1.7256x10-5.
Plugging this required Jc into the equation for the polar moment of inertia for a hollow
circular cross section, you can solve for the required inner radius to determine the required
thickness of carbon fiber to achieve the equivalent strength of aluminum.
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This calculation proves that our wheel layup design, having a minimum thickness of 10
layers (2.1336mm) will not fail in torsion.
For the carbon fiber wheel rim material to provide equivalent strength to the aluminum
wheel in the case of torsion, it would have to be 1.08mm thick. According to our current design,
the thinnest section of our wheel is 10 layers which is 2.1336 mm, which is more than twice the
required thickness to not fail in torsion.
3.3. Bending Load Calculation
Treating the wheel as a simply supported cylinder held at one end with a nominal
diameter of 10”, we will analyze a carbon fiber equivalent for the bending load imparted on the
wheel due to weight. Using the simple bending equation:

Equation 3.3 – Bending Equation
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σ = bending stress
M = calculated bending moment
y = vertical distance away from the neutral axis
I = moment of inertia around the neutral axis
This can be rearranged as:

Where:
y = vertical distance from neutral axis (inner radius of wheel) = 0.1348764m
F = max vertical (bending) load force imparted on wheel = 2269N
E = Young’s modulus of APCM “DA 4517” carbon fiber TDS = 29.64x109 Pa
I = area moment of inertia of wheel cross section around the neutral axis = 9.23x10-7 m4
L = nominal length (wheel width) = 0.19533m (according to model)
ε = strain
Solving for strain of carbon fiber wheel at worst case scenario (thinnest thickness 10 layers):
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This calculation proves that for the worst-case scenario, the thinnest section of our wheel,
the strain from the max bending load is about 5 times less than the carbon fiber maximum tensile
strain to failure.
So theoretically, 10 layers of thickness will not fail in the worst-case bending load.
3.4. Radial Load Calculations
“Radial stress” of a cylinder is stress that acts towards the central axis. For cylindrical
pressure vessels, the normal loads on the wall element include longitudinal stress,
circumferential (hoop) stress, and radial stress:
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Due to the maximum radial load (vertical force perpendicular to the axis of rotation, such
as from the weight load), a force of 2269N is assumed at worst case scenario to be acting directly
in the top of the cylinder which will develop a tensile stress in the x-direction:

Hoop stress is the force exerted “circumferentially” (perpendicular to the axis and the
radius of the wheel) in both directions on every particle in the cylinder wall.
Calculate the maximum theoretical hoop stress acting on the wheel due to the maximum
vertical (radial) force loading situation:
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The theoretical maximum hoop stress acting on the carbon fiber wheel is σ = 8.16 MPa
due to the maximum vertical force (radial) loading condition, which is very small.
According to the typical laminate properties of the APCM “DA 4517” carbon fiber
technical data sheet, the ultimate tensile strength is 621 MPa.
The theoretical maximum stress, 8.16 MPa is much less than the ultimate tensile strength.
Therefore, the minimum thickness of our wheel, 10 layers, will not fail in the worst-case radial
loading scenario.
3.5. Tire Pressure Load - Pressure Vessel Hoop Stress Calculation
To calculate the necessary carbon fiber wheel strength to overcome the external pressure
from the tire pressure load, which is uniformly distributed in the wheelbase, we used the thinwalled pressure vessel hoop stress equation:

Thin-Walled Pressure Vessel Hoop Stress Equation:
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Equation 3.4 – Thin-Walled Pressure Vessel Hoop Stress Equation
Parameters:
P = pressure (max pressure of tire = 50 psi = 0344738 MPa)
r = radius (radius of tire 5” = 0.127 m)
t = thickness (16 layers at barrel, thickness about 0.144 in. = 0.0036576 m)
The wheel cylinder is not actually completely hollow (it will have 3 spokes), but to
calculate for the worst-case scenario, we will assume that the wheel is hollow.
Calculating the theoretical stress acting on the wheel due to the maximum tire pressure
loading:

The theoretical stress acting on the carbon fiber wheel is 82.165 MPa due to the
maximum tire pressure loading which is about 10 times less than the ultimate compressive
strength.
According to the typical laminate properties of the APCM “DA 4517” carbon fiber
technical data sheet, the ultimate compressive strength is 488MPa.
The theoretical maximum stress, 82.165MPa is approximately 6x less than the ultimate
compressive strength. Therefore, the minimum thickness of our wheel, 10 layers, will not fail in
the tire pressure loading case.
3.6. Lateral Loading Calculation
Considering the lateral load case, the max stress condition is going to occur as a uniaxial
loading situation. Therefore, we will use the basic formula for axial stress:

Equation 3.5 – Axial Stress Equation
F = maximum lateral load force imparted on the wheel = 1877N
A = surface area of hollow cylinder at nominal 10” dia. (area where load is imparted)
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Calculate the area, A (assume worst case scenario, thin cylinder cross-sectional area with no
spokes)

Plug A = 0.000911214 m2 into axial stress formula:

The theoretical max stress acting on the carbon fiber wheel is σ = 3.09 MPa due to the
maximum uni-axial force (lateral loading) situation, which is very small.
According to the typical laminate properties of APCM “DA 4517” carbon fiber, the
ultimate tensile strength is 621 MPa, so a minimum thickness of 10 layers will not fail in the
worst lateral loading case. (This does not affect our design much because a small thickness
change does not affect the wheel’s outer surface area significantly.)
3.7. Layup Design and Ply Layer Orientation / Configuration
Our design concept will use the 2x2 twill fabric which will react to all the forces the
wheel rim will experience. With a certain amount of plies CNC cut and placed into the mold
different orientations, the laminate will shape into the final product. Some of the fabric layers
will be oriented in the 0/90° direction for axial and circumferential loading and in the ± 45°
direction for the torsional loading. Most layers will be in the ± 45° direction because of how easy
it is to stretch and manipulate in tight corners, whereas 0/90° is difficult to bend tightly in
corners.
The ply orientation and layer configuration are the basis for understanding the overall
composite material behavior. For carbon fiber reinforced polymers, there are two basic forms of
plies: unidirectional or woven fabric. These can be found in dry form or pre-impregnated with
resin (prepreg).
The design and layup of a laminate, based on the angle, material, and thickness of plies is
important to study because the goal is to reduce the couple forces and bending moments, normal
and shear forces, or bending and twisting moments that the wheel rim will experience providing
the best mechanical performance.
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3.8. Quasi-Isotropic Laminate Design
When working with carbon fiber, it is important to understand how the fiber orientation
factors into the strength and stiffness of the CFRP laminate. There are different approaches to
laminate design for composites where the laminates are angularly oriented differently to yield
different structural properties. The properties are isotropic, quasi-isotropic, and anisotropic.

Figure 3.2 - Unidirectional Carbon Layup - Quasi-Isotropic Ply Orientation
The “mid-plane” is the centerline of the lay-up. See Figure 3-7. Quasi-isotropic means
having isotropic properties in-plane. “Isotropic” means having the same properties in all
directions. A quasi-isotropic part has either randomly oriented fibers in all directions, or has
fibers oriented such that equal strength is developed all around the plane of the part.

Figure 3.3 - Balanced and Symmetrical Laminate
3.9. Required Number of Layers
In summary of the previous section, choosing the ideal carbon fiber layup and fiber
orientation is critical to the design of the CFRP wheel. If we needed a part to perform in a wide
variety of conditions, a bidirectional layup is ideal. If you need a part to perform well in twisting,
design the layup with more 45° layers. If you need to increase thickness quickly, a woven
material may be an excellent choice. To design for the wheel molds, it is necessary to determine
the number of layers of carbon fiber needed to achieve at least an equivalent strength of the
previous ZR18 racecar is 6061 aluminum wheel rims. To reverse engineer the properties of the
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current aluminum wheels to develop a minimum design standard for the carbon fiber wheels, we
simplified the geometry of the wheel to a cylinder with its nominal diameter. This allows for an
easy calculation of the maximum allowable hoop stress, which can be transferred to the carbon
fiber wheel data to ensure that the minimum strengths of the wheel are not compromised.
While this method provides the overall strengths of the wheels with radial forces, it does
not allow the stiffness to be determined, as aluminum is isentropic while carbon fiber is not. To
overcome this issue, we determined a few common load cases based on the forces experienced
by the car in operation. These load cases are taken from data used for suspension analysis and
consist of operational loads with safety factors to ensure that components are made with enough
strength to be considered safe. (See “Design Requirements and Hand Calculations”)
The material of the ZR19 current wheels is made from 6061 aluminum that has been heat
treated to the T6 condition which has a nominal strength of 290 MPa and a modulus of elasticity
of 68.9 GPa. The wheel has a nominal thickness of ⅛” = 3.175mm. As the radius (5” or 127mm)
to thickness ratio is much larger than 10, a thin wall approximation will be used to determine the
ultimate strength and stiffness of the wheel. These parameters will then be used as the boundary
conditions for calculating the material required for the carbon fiber equivalent.
The number of fiber layers used, with thickness at about 0.009 inches or 0.2286 mm per
layer, will determine the overall thickness of the wheel. We need to determine how we are going
to layer these carbon fiber fabrics and how many layers it will take to achieve the minimum
strength of the previous aluminum wheel. The thickness dimension of the carbon fiber wheel
must be calculated to properly design the mold.
The fabric pattern will be used in the 0/90-degree direction for axial and
circumferential loading and in the 45 degree direction for the torsional loading.
Unidirectional carbon fiber fabric is a type of carbon reinforcement that is non-woven and
features all fibers running in a single, parallel direction. With this style of fabric, there are no
gaps between fibers, and they lay flat. There is no cross-sectional weave that divides the fiber
strength in half with another direction. This allows for the concentrated density of the fibers to
provide maximum longitudinal tensile strength potential, greater than any other weave style of
fabric. This is 3 times the longitudinal tensile strength of structural steel and one-fifth of the
weight density.
In conclusion, the plies will be ordered in the mold such that there is a 45-degree capping
ply against the mold surface, then 4 additional plies of 45-degree fibers, then in the middle have
2 or 3 0/90-degree fibers, then 4 plies of 45 and then an additional single ply of 45 degrees as a
capping layer. So, in total, there will be 13 plies laid up in that orientation.
3.10.

Weight Reduction Calculation
The previous aluminum wheel assembly weighed approximately 4.3 lbs. according to a
digital scale.
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Figure 3.4 – Digital Scale of Old Aluminum Wheel
According to our estimated calculations, our new carbon fiber wheel assembly using APCM
“DA 4518” prepreg was predicted to weigh 3 lbs.
This would reduce the overall weight of each wheel by about 30% which is a tremendous
improvement. Skipping ahead to the final wheel results, our first carbon fiber wheel came out of
the autoclave weighing 2.8 lbs. (over 40% weight reduction) which was lighter than we expected
it would be.

Figure 3.5 – Digital Scale of Old Aluminum Wheel
This weight is also before dissolving out the 3D printed dissolvable ring, which will reduce
the weight even more.
4. FEA ANALYSIS
Ansys ACP is used to simulate the structure of the CFRP Wheel. FEA simulation tools are
important to save money on materials and testing time by troubleshooting failure points early in
the design phase. Due to the complexity of CFRP, modeling it to match the wheel’s exact layup
schedule is difficult. The eventual plan is to use the templates created by Fibersim to import the
laminates and their orientations to match exactly.
Ansys Toolbox is used to efficiently run new iterations on the simulation. Multiple load
cases, orientations of fibers, layer counts, and material choices can all be changed and ran
without even having to open the model back up after the initial set up.
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Some boundaries that made this FEA difficult was the complexity and size of the model
requires a large element count. ANSYS student offers limited computing on element counts of
32,000. To truly get a better understand of static results from this FEA a full license is required
to increase the element size.
4.1. FEA Model Setup
For now, the layup scheduled is simplified into 2 areas with different parameters. The
“barrel” of the wheel is oriented at 45/-45 degrees with 12 layers of standard 3k prepreg that was
already preloaded into ANSYS. The “spokes” of the wheel are oriented at 0/90 throughout the
surface. The problem with this current setup is that it does not match the actual templating.
However, the FEA model will work based on a specific load scenario that focuses solely on
lateral loads.
The “barrel” and “spokes” are two separate surface bodies that are seamed together. These
are imported from the Solidworks model using the offset surface feature.

Figure 4.1 -Ansys Toolbox
ANSYS Toolbox is used to optimize the iterative process for running multiple simulations or
making quick changes. Parameters such as layup schedule, fiber orientation, loads, fixtures, and
material data can all be changed without even opening the model. This allows for rapid editing
based on changing to determine the best loads.
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Figure 4.2 – Normal Lines in Ansys
These normal lines help to determine the orientation of the carbon fiber strands.
4.2. ANSYS Results

Figure 4.3 – Total Deformation Results
The total deformation of the wheel from the FEA is 0.149 mm which is allowable for this
application. This will be validated with the wheel testing machine at Smithers where we will be
able to get actual deflection data.
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5. FIBERSIM
To create the CFRP wheels, simulation needs to be run over the parts to determine the
manufacturability. In CAD, 3D surfaces can be flattened down into 2D surfaces that can then be
used to cut out plies of carbon fiber which will be placed on the mold during the manufacturing
phase. We can estimate this 2D pattern using Siemens Fibersim. This program was created to
analyze composite engineering and manufacturing. Through CAE, carbon fiber material can be
virtually “laid up” using surfaces. This allows for the engineer to check stretch and compression
throughout a CFRP layup. This tool can also help optimize overlaps between different layers of
the wheel and determine which orientation the carbon fiber needs to be laid up to reduce the
number of cuts.
To explain the Fibersim process, we will use one surface of the bottom wheel mold to go into
detail. This process was completed for each surface ply when designing the wheel.
5.1 Results
First the surface is imported from the mold model in SolidWorks to Siemens NX CAD
program. Once the surface model is in NX, Fibersim can be started. The Fibersim interface can
be seen below.

Figure 5.1 – Fibersim Interface
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After the program has started, a laminate must first be made and renamed to the surface that
is being analyzed. After this the material must be selected for the simulation to use on the
surface. For our simulations, we chose to use the 3K-PPG which is a 3K prepreg that is similar in
properties to the prepreg that we will be using for our CFRP layup. Once the material is selected,
the layup surface needs to be selected by defining the net boundary of the surface. This is so that
the program knows where to layup the carbon fiber.
After this step is complete, the rosette needs to be created. This will define the first point of
the layup and the 0 ˚, 45 ˚, and 90˚ orientations. For our simulation we will used a spine-based
model since our part has curvature. A picture of the rosette is shown in the following image.

Figure 5.2 - Fibersim Rosette
Once the rosette has been defined, the producibility of the part can be shown. This will allow
the user to see how the part is going to be laid up and if there will be any tension or compression
in the part. This is valuable because bridging or wrinkling could occur when manufacturing the
wheel if the proper steps are not taken to eliminate them. As seen below is the first iteration of
the bottom mold top third section.
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Figure 5.3 – First Iteration of Bottom Mold Top Third Section
As can be seen, there are red areas on the part that show where stretching and tension will
occur on the surface. To eliminate these areas, Fibersim has a feature called split darts. This
feature acts as a relief cut in the carbon fiber that will reduce the stress on a certain area. In the
following image, the same surface is shown with relief cuts.

Figure 5.4 – Final Iteration of Bottom Mold Top Third Section with Relief Cuts
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Once these relief cuts are applied in the correct areas, the surface can then be made into a
flat pattern which will saved as a DXF and exported for the template cutting. This flat surface
can be seen below.

Figure 5.5 – Flat Pattern of Bottom Mold Top Third Section
A few more examples of Fibersim are shown below.

Figure 5.6 – Bottom Barrel and Lip Section Fibersim
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Figure 5.7 – Bottom Top Thirds Layer 2 Fibersim
6. WHEEL MOLD AND CENTERLOCK HUB DESIGN
6.1. Wheel Rim Geometry Design
The CFRP wheel saw many design revisions all trying to converge to a simple, reliable,
and lightweight wheel for our race car. Solidworks 2020 was used to model the components.
Here are some renders of the wheel for reference:

Figure 6.1 - CFRP Wheel Design Revision 9
We documented our design iterations and revisions in an Excel spreadsheet called
“Wheel Design Matrix” (See Figure 4.9)
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In the end, we finalized a 3 spoke wheel design using the Tire and Rim Association
(TRA) guidelines for dimensions and standards. This geometry allows for simple manufacturing,
stiffness, and a beautiful appearance.

Figure 6.2 - Wheel Design Matrix
6.1.1.

Rim Profile Dimensions

Our finalized rim profile design has dimensions which follow TRA standards. Below in
Figure 4.3 is the Solidworks dimensions of the wheel’s revolve profile.
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Figure 6.3 - Wheel Revolve Profile
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6.1.2.

Centerlock Hub

Figure 6.4 – CFRP Wheel, Centerlock Hub, and Nut
The centerlock hub was designed by the drivetrain team on the FSAE combustion team.
The wheel interfaces with the hub’s drive pins and shank. Clamping the wheel to the hub is a
centerlock nut with a minor diameter of 72 mm and a major diameter of 92 mm.
6.2. Mold Design
To create a carbon fiber wheel, a mold must be manufactured to lay the carbon fiber plies
onto. After consideration of varied materials to machine the mold with, we found that it would
make the most sense to use Aluminum 7075 that we had on hand in the University of Akron
Design Center.
Previous stock which was used for the previous wheel rim with aluminum center would
be machined down to create the new molds. Using this stock which was already on hand would
save time and money for our project. Once the wheel rim was designed in Solidworks, the molds
could be designed. An overview of the Solidworks mold assembly is shown below.
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Figure 6.5 - Wheel Mold Assembly
6.2.1.

Solidworks Model

When creating the Solidworks model of the wheel, many things needed to be considered.
Removal of the mold from the finished wheel was a priority in the design. We decided that a
two-piece mold would be sufficient to manufacture the desired wheel. Both mold designs can be
seen below.

Figure 6.6 - Bottom Wheel Mold
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Figure 6.7 - Top Wheel Mold
Our mold must be complete with a minimum draft angle of 0.5 degrees at the barrel
section in order. This can be seen in the image below.

Figure 6.8 - Draft Analysis of Bottom Mold
Another consideration in our mold design was the wheel lip area. Since the wheel lip is a
highly loaded area, especially when mounting and dismounting a tire, more pressure is needed on
this area of carbon fiber. An aluminum wheel lip mold was designed to give the compression
necessary for this part of the wheel. The wheel lip mold was designed with bolts to hold it in the
correct place on the main mold. A wheel lip mold was made for both the top and the bottom of
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the wheel and it was split into thirds for it to be slid onto the carbon fiber. Pictures of the wheel
lip mold design are shown in the following images.

Figure 6.9 – Bottom Wheel Lip Model and Rendering

Figure 6.10 – Top Wheel Lip Model and Rendering
An exploded view of the entire wheel mold assembly is shown in the figure below.
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Figure 6.11 – Final Mold Assembly Rendering
7. MANUFACTURING
7.1. Molds and Tooling
To fabricate CFRP parts with a desired finish, strength, and profile, the use of curing the
prepreg CFRP in an autoclave is required. As stated earlier, we designed and machined the
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molds to the correct geometry and profile of our wheel. 7075 aluminum was chosen as the mold
material due to its strength and durability and its favorable thermal properties during the cure
cycle in the autoclave. Plus, we had a lot of 7075 stock available in the shop, so that is what we
chose to use.
7.1.1.

Mold Machining

The two main molds were machined at The University of Akron Engineering Machine
Shop by Bill Wenzel. Seen below is the final product after machining.

Figure 7.1 – Machined Molds

Figure 7.2 – Machined Molds Assembled
Once machining was finished, the molds needed to be sanded with 500 and 1000 grit
sandpaper to get out the machining marks. After this the molds were polished with Mothers Mag
& Aluminum Polish to bring the surfaces to a shiny and reflective appearance. The polished
molds can be seen in the following images.
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Figure 7.3 – Polished Top Mold

Figure 7.4 – Polished Bottom Mold

The 6-wheel lip molds were machined at The University of Akron Engineering Machine
Shop by Ian Wilcox. The wheels were machined to a surface finish tolerance of 125 microinches.
Surface finish is an engineering standard from ISO 468: 1982-08 – Surface Roughness (11).
This is an This tolerance was due to the CFRP that is going to be placed on this mold. The
wheel lip needs to have a good surface finish for mounting tires to the wheels. Seen below are
the final bottom wheel lip rings after machining.
There will be no post processing on these molds as they are machined to the tolerance stated
above.

Figure 7.5 – Machined Bottom Wheel Lip Molds
7.2. Carbon Fiber Cutting
Once all the carbon fiber plies have been made into flat patterns using the Fibersim
software, each individual ply can be cut out. This process can be done by printing out each
template and cutting them with a knife blade by hand. This process is inefficient and inaccurate.
A company by the name of Autometrix which is headquartered in Grass Valley, CA and has an
office in Akron, OH. Autometrix specializes in integrated cutting solutions for businesses. Their
applications range from canvas and leather to composites and carbon fiber. After working with
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them we were able to use their demo cutting table in Akron, OH. For the cutting of our prepreg
carbon fiber, their Argon machine was used. A description of this machine is shown in figure
5.6.

Figure 7.6 – Autometrix Argon Cutting Table
All the carbon fiber DXF files were transferred into their cutting software. To keep track of the
plie that were cut, an excel sheet was used for naming and counting.

Figure 7.7 – Bottom Ply Excel Sheet
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Figure 7.8 – Top and 3D Ring Ply Excel Sheet
First, we loaded the roll of our prepreg carbon fiber into their machine. Once this was
complete the roll was laid out and aligned with the edges of the table. After this the software
would optimize the cutting area and plies to ensure that the best amount of surface area was used.
Once the software was finished optimizing the cutouts, the machine was aligned with the
edge of the carbon fiber by laser crosshairs as seen in Figure 5.8.

Figure 7.9 – Carbon Cutting Machine Laser Alignment
The machine was able to use a sharpie to label each cutout before performing the cutting
process. This was helpful to distinguish the different cutouts from one another and keep them
organized when laying up the wheel. The prepreg with labels is shown in figure 5.9
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Figure 7.10 – Prepreg with labeling
After each part is labeled, a sheet of plastic must be added on top of the prepreg so
that the cutting blade will not pick up the carbon fiber. Once this layer is laid on top, the cutting
process can begin. Each piece will be cut individually with a tolerance of ±0.02 inches per the
specification sheet of the machine. This allowed for a much more accurate cut than doing it by
hand. This process is shown in the following figure.

Figure 7.11 – Cutting Process at Autometrix
In all, 262 individual plies were cut from the machine for the manufacturing of one
wheel. When cutting out by hand, the speeds that you can reach are approximately 9 in/s to cut
carbon fiber prepreg. When using this machine, it is specified to run at a maximum of 66 in/s.
We were able to run the machine at an average of 40 in/s which is a 344% increase in
time over cutting the prepreg by hand. Without Autometrix’s help, we would have not been able
to manufacture a wheel in a timely manner for this project. Some of the final cuts can be seen in
the following image.
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Figure 7.12 – Carbon Fiber Cut Plies
7.3. Core of Wheel
The core of our wheel included 8 components: a 2-piece dissolvable 3D printed ring for
the tire mounting surface and 6-pieces of silicone inserts used to provide compaction to the
spokes where the bagging could not reach.
The 3D printed dissolvable plastic ring inserts were 3D printed by a company called “Go
Engineer” in Salt Lake City, Utah. The material of the piece was ST-130, a dissolvable plastic
material that is heat resistant up to 190 °F.

Figure 7.13 – 3D Printed Dissolvable Rings
The silicone inserts were poured into 3D printed molds that we manufactured and then
the silicone was cured in an Autoclave.
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Figure 7.14 – Silicone Inserts
These core components were designed to prevent clamping of the carbon fiber to the
mold surface, to allow for overlapping of layers from the top and bottom mold plies, and the
material thermal expansion rates were close to the aluminum mold.
7.4. Manufacturing Process
7.4.1.

Layup Assembly

The composite layup varied in specific areas. In one layer of carbon fiber there is no
overlap between patterns. The pieces are all joined together using alternating patterns. This
patterning method results in consistent thicknesses everywhere so that there are no bumps that
would make mounting the tire impossible.

Figure 7.15 – Finalized Layup on Mold
7.4.2.

Autoclave

The autoclave used for this procedure is Algie Composites very own. It has a depth of 6
feet and diameter of 35 inches. The autoclave that we used is shown in the figure below.
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Figure 7.16 – Algie Composite Autoclave in Springfield, Ohio
Our mold fits in there no problem as seen in the pictures below. This autoclave is very
minimal for data collection in the future, we would like to use Collins Aerospace’s autoclave
which will allow us to monitor pressure, oven temperature, temperature ramps, pressure ramps,
and even have temperature sensors in the mold to see how much energy is being wasted heating
the aluminum molds.

Figure 7.17 – Mold Vacuum Bagged in Autoclave
7.4.3.

Final Processing

After the wheel was manufactured in the autoclave and demolded, the post processing
step can begin. The extra flash resin needed to be trimmed down to the actual dimensions of the
model because extra carbon was laid up on the wheel lip to ensure that full coverage was made.
Once this extra material was trimmed off the wheel lip edges were sanded to ensure the lip was
circular. The final product after post processing can be seen below.
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Figure 7.18 – Final CFRP Wheel
After the wheel has been trimmed down to size, the valve stem is added by drilling a hole
and inserting the valve stem from the inside. This is shown in the following figure.

Figure 7.19 – CFRP Wheel with Valve Stem
8. PHYSICAL TESTING
8.1. Material Testing
Extensive material testing was conducted on CFRP samples with the goals:
1. To obtain accurate values for the tensile and flexural strength and moduli of the material being
used. These values would be used in hand calculations and simulations.
2. Generate data that could be used across all areas of the Zips FSAE Race Team. CFRP is used to
make more than just the wheels of the racecar, it is used in the construction of parts in every
department. Data will provide valuable insight into the differences in strength between CFRP
from different suppliers and using different manufacturing techniques.
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3. Obtain sponsorship for all the CFRP used in the project. Material Testing offers a bargaining
chip for the team to wage when a potential supplier is looking to save costs on reliable testing by
simply providing the team with some material. This is the case for the new CFRP sponsor who
has agreed to provide all the CFRP material needed, in return for Flexural and Tensile Testing.
Two separate testing series have been conducted. The first is a tensile test using CFRP
and resin from the Team’s current supplier, which is the CFRP used across all departments. The
second are a set of tensile and flexural tests on CFRP from a new supplier, which include
standalone Tensile tests on the resin itself. Both test series have been completed and data has
been sent to the sponsor. All flexural and tensile tests are conducted to ASTM D638 and ASTM
D790 standards in the ASEC mechanical engineering laboratory at The University of Akron
using an Instron machine with two different fixtures. See Figure 6.1.

Figure 8.1 - Instron Machine: Tensile and Flexural Testing
8.1.1.

Test Series 1

The first tensile test contained 27 specimens, from 9 manufactured CFRP samples, in 3 different
ply orientations, and with 3 different layer counts: 4-layer, 8-layer, and 12-layer. The layer
stacking sequences chosen were Quasi-Isotropic, 45/45 degree, and 0/90 degree because these
are layer orientations commonly used in Zips Racing manufacturing.
Manufacturing the test specimen started with manufacturing the 9 CFRP sheets (samples)
using the teams typical CFRP manufacturing process, with added care taken to ensure the layers
were as close to the desired orientation as possible. The 9 samples were then labeled with the
respective ply orientation and layer count.
A dog-bone shaped specimen was carefully designed to the D638 Standard using
Solidworks. This design used a CNC to cut a Kydex polymer template, which would be used to
trace the dog-bone outline onto the CFRP samples (Appendix B.1 & B.6). Kydex was chosen as
a template material simply because it was readily available, rigid, and easy to machine. Once
again, careful attention was placed to the orientation of the dog-bone outline to ensure it was
correctly placed relative to the fiber direction. The marked samples were then taken to a band
saw, where the outline was cut. The 27-remaining dog-bone specimens were gently polished to
remove any frayed fibers and to ensure they met the proper uniformed gauge width (Wc) (Figure
6.2).
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Figure 8.2 - ASTM 638-14 Specimen Dimensions
Prior to beginning the tensile test, a spreadsheet was created to collect the actual
dimensions of the specimen along the gauge length (G), calculate an individual cross-sectional
area, organize the specimen into a convenient order, collect any comments, and ensure all data
called for by the ASTM standard was collected. In collecting the actual dimensions of the dog
bone gauge length, a caliper was used to measure the width (Wc) and thickness (T) in three
separate locations and averaged along this length. The minimum thickness and width were used
to calculate the cross-sectional area of each sample.
To process the large quantity of raw data accurately and efficiently from Test Series 1,
and to make future tensile and flexural tests faster, a Matlab code was developed (Appendix
B.8). This code would take the thousands of lines of raw data from any number of specimen files
and a file containing the specimen’s cross-sectional area, plot the stress-strain curves, prompt the
user to choose the strain limits of where to calculate the line of best fit, generate all other the
relevant plots, and store all data required by the respective ASTM standard in an Excel
spreadsheet. For Test Series 1 results, see Appendix B.7.
8.1.2.

Test Series 2
Test series 2 followed the same pre-test and testing procedures as test series 1 with the except

of:
1)

It includes flexural testing for each sample.
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2)

The resin used is also tested.

3)

It consists of 6 specimens per sample, instead of 3.

4)

Only a 0/90 stacking sequence is tested.

5)

The 4-layer samples are replaced with a 16-layer sample.

6)

Some improvements are made to the preparation of the specimen.

Test Series 2 was conducted with CFRP material from the new sponsor. As a part of the
agreement between the sponsor and the team, these tests were also conducted to the respective
ASTM standards and the results were submitted to the sponsor. This test series only contains
samples with a 0/90-degree layup sequence, but the size of the samples was made large enough
to include 6 tensile and 6 flexural specimens. In all, 18 specimens are tested, cut from 3 samples:
an 8-layer, a 12-layer, and a 16-layer.
While the manufacturing of the samples was done in the same way as the other series, the
processing of the specimens was not. To avoid inconsistencies in width along the gauge length, a
different cutting method was used. Multiple processes were considered, most notably a special
dog-bone router and jig machine, waterjet cutting, and CNC cutting. Waterjet cutting was ruled
out because the FSAE team had seen many examples of layer dissociation near the cutting path
on past parts. This may be fine for certain parts but not for test specimens. CNC cutting was also
ruled out due to the many known challenges that are posed by using this cutting process on
CFRP, including carbon dust, high tool wear, and potential damage to the CFRP at the cutting
surface. This left the dog-bone router located in the ME shop at the University of Akron as the
new method of cutting the dog-bones (Figure 6.3). Early trials proved this method was far more
effective at producing a uniform cross-section and avoiding potential stress concentrations than
using a bandsaw alone.

Figure 8.3 - Dog-bone Router Machine with Jigs
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As previously mentioned, this test series would include tensile testing of the resin itself.
Testing of the resin requires the design and manufacturing of a mold (Appendix B.5). At the time
of this mid-project report submission, the mold has been designed and manufactured and the
resin has been ordered, but the testing has not been conducted. Different designs were
considered, such as a two-piece design because the team was worried it may be difficult to
remove the resin after curing, but it was decided that the combination of the release and the small
draft allowed by ASTM D790 should be sufficient for removal from a single piece mold. If there
are issues with removal, set screws will be added through the mold, allowing the resin to be
forced out.
8.2. Tire Change Testing (Test Planned but incomplete)
The process of hand mounting and dismounting tires has always been a test of a wheel’s
strength. The current procedure for mounting and dismounting tires for the UA FSAE team
requires the tire to be placed on a tire mounting fixture, where the tire is then torqued on with a
steel rod. The steel rod is wedged between the wheel and the tire, and the user applies large,
repeated forces to the other end of the rod, slowly working around the seam until the tire
separates from the wheel. A similar procedure is used in reverse when mounting the tire. This
violent process is highly abrasive and introduces unnecessary stress on the wheel. Figure 6.4
shows the effect of the hand mounting process on a CFRP wheel.
The team weighed out various methods to find the magnitude, position, and direction of
the force created by the mounting and dismounting of the tire on the wheel, eventually deciding
on digital image correlation (DIC) through the DIC equipment at the University of Akron’s Jet
Turbine building. DIC would allow the team to do an exactly accurate analysis on the stress
through any region along the edge of the wheel. Even the complex geometry of this region would
not be a challenge for this method. This advanced system utilizes high speed imagery from
multiple cameras to map the motion of particles on the surface of a specimen and measure strain
and deformation.
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Figure 8.4 - CFRP Wheel Damaged by the Hand Tire Mounting Process.
DIC will be used on the car's current aluminum wheels to find the forces involved with
this process. This will yield forces that can be used in the wheel simulations to ensure that either
the wheel can be adequately reinforced in this region, or a new method of tire mounting, and
dismounting must be used altogether. Re-testing the original DIC test on the newly manufactured
wheels in the spring is also being considered because this would provide valuable insight into
how strain propagates through the CFRP wheel geometry during tire mounting and aid in future
designs. The initial test was scheduled for late December 2020, however the University decided
it would not take place due to COVID-19. The test is now planned for mid-summer 2021.
8.3. Radial Fatigue Testing (Test Planned but incomplete)
A wheel must be designed to perform over all the potential vertical cornering forces that
it may see during a race, plus some factor of safety. The wheel should also be capable of lasting
a certain number of cycles before being replaced. Radial fatigue testing allows the design team to
reproduce the vertical loads that the wheel may see throughout its entire life and verify that the
wheel will not fail. The machine can produce a wide range of loads over millions of cycles. The
loads can also be applied to various positions on the wheel. This is a test method used by all
wheel manufacturers and standardized by the Society of Automotive Engineers (SAE).
Radial Fatigue Testing will be conducted at a Smithers test facility in Ravenna, Ohio. The
radial fatigue equipment at Smithers will allow the CFRP wheel to be tested to SAE J328 and
SAE J2530 standards. A radial fatigue testing machine, with a test wheel is shown in figure 6.5.
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The testing parameters are still under discussion, but they will be based off a 3403.5 N maximum
vertical load (Figure 2.4) and life of 150,000 cycles, which will be more than enough to simulate
the life of a busy race season.

Figure 8.5 - Radial Fatigue Testing Machine
8.4. Cornering Fatigue Testing (Test Planned but incomplete)
Cornering fatigue testing reproduces the dynamic forces acting on a wheel during
cornering over many cycles. The Machine (Figure 6.6) utilizes a rotating table and wheel around
a fixed load. As it rotates, it applies a rotating bending moment to the wheel’s structure. The
wheel is secured to the machine through the rim clamped to the table and the centerlock bolted to
a hub adapter.
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Figure 8.6 - Cornering Fatigue Testing Machine
Like radial fatigue testing, cornering fatigue testing will also be conducted at the Smithers
facility on a cornering fatigue machine to SAE standards. The testing parameters are still
undecided, but the team is working with test engineers from Smithers to decide an appropriate
load and cycle count. All testing is planned for Summer 2021.
8.5. Centerlock Wheel Test Adapters

To properly mate the wheel to both the radial and cornering fatigue test machines, a
centerlock test adapter was designed (Appendix B.9). This adapter acts in place of a wheel hub
and secures the wheel using the same methods as the centerlock hub. The area of the adapter that
mates with the machine matches models of the machine interface provided for the team by
Smithers.
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Figure 8.7 – (left to right) Cornering Adapter, Safety Wire, Nut, and Radial Adapter
The radial adapter (Figure 6.7) features 8 through holes in its base, a single m72x3
threaded shank, safety wire holes, and three pressed pins. The cornering adapter has the same
centerlock region geometry but 5 through holes in the base and a longer neck to extend into the
barrel of the wheel and prevent interference with the cornering machine. The adapters are part of
a test assembly that includes 8 ¾ in socket head screws, a center lock nut, and safety wire. The
adapter is made of 1018 hot-rolled steel, the pressed pins are 4140 steel, the nut is hardened
4140, and the safety wire is spring steel. The geometric constraints for these adapters were
decided by both test machines and the current centerlock hub design.
While many structural analyses were run on the hub itself, it was still deemed necessary
to run finite element method analysis on the adapters because 1) the material differs and 2) the
region surrounding the mounting holes seemed thin enough to pose potential risk of failure. For
these reasons, several stress analyses were conducted using Ansys on the radial test adapter and
images showing the results are shown in appendix B.9. The safety factor for the fatigue stress
analysis was between 5 and 15. Based on the radial adapter results and the fact that the adapters
share the same geometry in the regions of high stress, an analysis on the cornering adapter was
not conducted.
9. COST AND SCHEDULE
9.1. Estimated Project Budget (Mostly Materials)
Estimated Project Budget (mostly materials):

Cost:
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3D printed core (Sponsor - Go Engineering)
$200
100 yard roll CF - 3K Twill (Sponsor - APCM)
Sponsored $1,449.00
100 yard’s of prepreg service (Sponsors - APCM/Composites Envisions )
Sponsored ($2,700.00)
Mold Material (6061 Aluminum)
Sponsored ($413.00)
Testing Materials (1018 HR Steel)
Sponsored ($500.00)
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9.2 Estimated Cost of Labor
Task
Hours
Hand
150
Calculations
and Matlab
CAD and
200
Simulation
Design
Maufacturing
30
(Per Wheel)
Testing
100
(General
Labor)
Testing
8
(Instron Labor)
Testing
----(Instron
Machine)
TOTAL
LABOR COST

No. of People Rate (Hourly)
2
42.5

2.5 Factor
2.5

Total Cost
$31,875

2

42.5

2.5

$42,500

5

100

2.5

$ 37,500

3

42.5

2.5

$25,500

5

30

-----

------

------

$5360

$137,375

10. CONCLUSIONS
We have determined that carbon fiber wheels can outperform aluminum wheels and
therefore decided to test and manufacture carbon fiber wheels. While during the publication of
this report our wheels remain incomplete, design and testing have been used to validate further
production for use by Zips Racing team soon. While many components ended up being cost
driven, we are confident in our method and process that these wheels will be sufficient for years
to come saving the University money and advancing Zips Racing towards the cutting edge of
wheel design.
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APPENDIX A
MatLAB Code for Hand Calculations
%% CFWP
% COPYRIGHT (C)2020 Nick Dobben All rights reserved. % Carbon
Fiber Wheel Project - Senior Design Project % Author: Nick Dobben
% Jordan Hyde
% Version. 1.10 10.26.2020
% Purpose: Verify Layer and Layup Count
%% Initialization
clc
clear all
close all
%% General Parameters
%Known Parameters
L = .19533; %meters
outerradius = .13701; %meters
innerradius = .1348764; %m
G_alum = 26; %GPA
J_alum = 3.8759 * 10^-5;
composite thickness = .2286; %mm/layer
neutral = .124; %meters
maxvforce = 3400; %N
ymodulusprepreg = 29.64 * (10^9); %Pa
neutralmoment = 9.23 * (10^-7); %m^4 (Solidworks)
failurecriteria = .013;
minthick = .0021336; %mm
maxradialload = 2269 * 1.5; %N (& FS)
maxlateralload = 1877 * 1.5; %N (& FS)
ultimatecompressivestrength = 488;
ultimatetensilestrength = 621;
% Propogated Values
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surfacearea = (pi/2) * (outerradius^2 - innerradius^2);
%% Needed values
syms polarmomentcf iradius; %Torsional
syms strain; %Bending
syms hoopstress; %Radial
syms axialstress; %Lateral
%% Torsional Load (Reaction of Wheel) Equations
G_cf = 58.4; %modulus_of_rigidity(numbers, numbers) (Need those numbers)
J_cf = solve(twistangle(1,L,J_alum,G_alum) ==
twistangle(1,L,polarmomentcf,G_cf), polarmomentcf); needed_inner_radius =
solve(J_cf == (pi/2)*((outerradius^4) (iradius^4)),iradius);
for f = 1:size(needed_inner_radius)
if double(needed_inner_radius(f)) > 0
finalinnerradius = needed_inner_radius(f);
end
end
required_thickness = outerradius - finalinnerradius;
torsionallayersneeded =
round((required_thickness*1000)/compositethickness);
%% Bending Load Equations
strain = solve(((dneutral * maxvforce) / strain ) == ((ymodulusprepreg *
neutralmoment)/L),strain);
%% Radial Loads Equations
area = 2 * pi * (outerradius - innerradius)* L;
outerpressure = maxradialload/area;
hoopstress = (((outerpressure * innerradius)/minthick))/1000000; %% Lateral Loads
(cornering force) Equations
axialstress = (maxlateralload / surfacearea)/1000000;
%% Display
%Shows the displays
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sympref('FloatingPointOutput',true);
% Below is for Torsional Loads
disp(['Required thickness: ', num2str(double(required_thickness)), ' meters'])
disp(['Layers required for torsional loading case: ',
char(torsionallayersneeded)])
% Below is for the Bending Loads
strainstring = (strain*100);
if failurecriteria > strain
startstring = 'Based off of Bending loads the wheel will experience: ';
endstring = '% strain which will be safe';
else
startstring = 'Based off of Bending loads the wheel will experience: ';
endstring = '% strain which will exceed the limits'; end
disp([startstring, num2str(double(strainstring)),endstring])
% Below is for Radial Loads
if ultimatecompressivestrength > double(hoopstress)
radstartstring = 'Based off of Radial loads the wheel will experience: ';
radendstring = ' mPa which will be safe';
else
radstartstring = 'Based off of Radial loads the wheel will
experience: ';
radendstring = ' mPa which will exceed the limits'; end
disp([radstartstring, num2str(hoopstress),radendstring])
% Below is for Lateral Loads
if ultimatetensilestrength > double(axialstress)
radstartstring = 'Based off of Lateral Loads the wheel will experience: ';
radendstring = ' mPa which will be safe';
else
radstartstring = 'Based off of Lateral loads the wheel will experience: ';
radendstring = ' mPa which will exceed the limits'; end
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disp([radstartstring, num2str(axialstress),radendstring])
%% Needed Functions
%Used for Torsional Load
function theta = twistangle(torqueinternal,
length,polormoment,rigidmodulus)
theta = (torqueinternal * length) / (polormoment * rigidmodulus); end
%Used for Torsional Load
function g = modulus_of_rigidity(E, v)
g = E / (2*( 1 + v ));
End
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APPENDIX B: PHYSICAL TESTING
B.1: Tensile Template, Test Series 1

* This kydex template is CNC cut and used to trace the tensile specimen outline onto the CFRP
sample for test series 1. The holes were used to mark the grip position on each specimen.

The University of Akron

B.2: Tensile Template, Test Series 2

* This Kydex template is CNC cut and used to trace the tensile specimen outline onto the CFRP
sample for test series 2. After cut to a rectangle, the specimen is given its dog-bone shape on the
dog-bone router machine. The holes were used to mark the grip position on each specimen.
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B.3: Tensile Specimen, Test Series 2

* CFRP Tensile specimen for test series 2.
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B.4: Flexural Template, Test Series 2

* Kydex template/ CFRP specimen used for test series 2.

The University of Akron

B.5: Resin Tensile Mold
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B.6: Template CNC Cutting Method

B.7: Test Series 1 Results
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Modulus of Elasticity and Ultimate Strength from Matlab Code
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Example of Test Series 1 Results from Matlab Code

* The dark blue lines represent the data points used for a 1st degree line of best fit and the red
line is the plotted best fit line. The slope of the line of best fit gives us the modulus of elasticity.
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B.8: Tensile and Flexural Test Matlab Code
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B.9: Testing Machine Adapters
Radial Wheel Adapter
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Cornering Wheel Adapter
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B.10: Test Adapter Analyses
Deformation

Max deformation seen: 3.206e-5 m
Stress

Max Stress: 3.112e8 Pa
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Center
Deformation

Max Deformation: 1.708e-5 m
Center
Stress

Max Stress: 3.112e8 Pa
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Life

Max Life: 1e8 cycles
Min Life: 1.2e5 cycles
Factor of safety

Max Safety factor: 15
Min Safety Factor: 5 (Red safety factor shown is believed to be due to our large mesh size)
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APPENDIX C: WHEEL MOLD DRAWINGS
C.1: Bottom Wheel Mold Drawing
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C.2: Top Wheel Mold Drawing
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C.3: Bottom Wheel Lip Section 1 Mold Drawing
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C.4: Bottom Wheel Lip Section 2 Mold Drawing
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C.5: Bottom Wheel Lip Section 3 Mold Drawing
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C.6: Top Wheel Lip Section 1 Mold Drawing
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C.7: Top Wheel Lip Section 2 Mold Drawing
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C.8: Top Wheel Lip Section 3 Mold Drawing

